Non-linear exciton spin-splitting in single InAs/GaAs self-assembled quantum 

structures in ultrahigh magnetic fields 
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We report on the magnetic field dispersion of the exciton spin-splitting and diamagnetic shift 
in single InAs/GaAs quantum dots (QDs) and dot molecules (QDMs) up to B — 28 T. Only for 
systems with strong geometric confinement, the dispersions can be well described by simple field 
dependencies, while for dots with weaker confinement considerable deviations are observed: most 
importantly, in the high field limit the spin-splitting shows a non- linear dependence on B, clearly 
indicating light hole admixtures to the valence band ground state. 

PACS numbers: 78.67.Hc, 78.55.Cr, 75.75.+a 



Due to its high level of component miniaturization and 
integration, semiconductor nanotechnology appears to be 
highly attractive for scalable quantum information pro- 
cessing, pj Semiconductor quantum dots offer charge and 
spin excitations for usage as quantum bits. |2j,|3|,|4j Lately 
proposals have been made to combine the advantages 
that both of them offer for these purposes: spins may 
provide long coherence times, charges may offer easy co- 
herent manipulation. Thus electron spins could be used 
for information storage, but for processing they may be 
swapped into charge, for example by optically injecting 
electron-hole pairs through laser pulses. p| 

Proposals for quantum bit and quantum gate operation 
along these lines rely heavily on well defined optical se- 
lection rules for electron-hole excitation. Strict selection 
rules apply if the valence band ground state has a pure 
heavy hole character. A o p± -polarized laser pulse then ex- 
cites an electron with momentum S z — ±1/2 and a hole 
with J z = ±3/2. This occurs only if the dot is not yet 
occupied by an electron with identical spin orientation, 
otherwise Pauli blocking effects would prevent light ab- 
sorption. On the basis of these selection rules controlled 
injection, reliable manipulation, and accurate readout of 
quantum information may be performed. However, if the 
hole ground state contains light hole components, the 
rules become deteriorated and the fidelity of a quantum 
manipulation would be strongly reduced. Then labori- 
ous pulse shaping has to be undertaken to reach a high 
enough fidelity level. @ 

Due to their high optical quality, self-assembled QDs 
are often considered for the experimental realization of 
the proposed schemes. The intrinsic strain induces a 
large splitting between heavy and light hole, in addition 
to the confinement induced splitting. Therefore for the 
exciton ground state 'clean' selection rules might be ex- 
pected. Experimentally, upper limits for the light hole 
content can be given, for example, by making use of the 
in-plane and out-of-plane polarization selectivity of light 



absorption. [|| From such studies on flat self-assembled 
In x Gai_a;As/GaAs QDs, the valence band ground state 
is at least 95 % heavy hole. However, only a few 
percent light hole admixture threatens reliable optical 
manipulation based on selection rules. 

Here we use optical studies of single quantum struc- 
tures in very high magnetic fields up to B — 28 T to 
obtain insight into the angular momentum purity of the 
ground state exciton. Recently, experiments on ensem- 
bles of self-assembled QDs in such high magnetic fields 
have been performed. Photoluminescence spectra at high 
excitation power have shown that the magnetic field dis- 
persion of the multiexciton emission energies can be well 
described by a Fock-Darwin spectrum, renormalized by 
Coulomb interactions. When two QD levels are brought 
into resonance by B, anticrossings between the multiex- 
citon levels occur, as the Coulomb correlations among 
the confined carriers lead to mixing and repulsion of the 
few particle states. In the spectra these anticrossings 
were evidenced by plateaus in the field dispersion of the 
inhomogeneously broadened luminescence. [8j 

We report photoluminescence measurements of single 
QDs and QDMs in magnetic fields up to 28 T applied 
in the Faraday-configuration. The technique to address 
single quantum systems in such high magnetic fields has 
only very recently been accomplished. |!j For that pur- 
pose samples in which single quantum objects were ge- 
ometrically isolated (see below) have been placed into 
the liquid helium insert of a cryostat at T = 4.2 K. The 
cryostat is located in the bore of a Bitter-magnet with a 
diameter of 50 mm. As this setup precludes optical access 
through windows, a fiber system was used for the optical 
studies. The laser excitation light (argon ion laser at A = 
514.5 nm) is led to the sample via a single-mode fiber and 
focussed by a combination of two aspheric micro-lenses. 
The obtained spot size is about 10 /im. The emission sig- 
nal is collected by a large, 600 /im-diameter multi-mode 
fibre which is approached as close as possible to the sam- 
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pie surface. 

To address specific positions on the sample, it was 
mounted on a piezo-driven stage from 'Attocube Sys- 
tems'. By using such a high stability stage that can 
be operated also in magnetic field, single quantum struc- 
tures can be positioned precisely below the spatially fixed 
fibre optics, ft allows for independent movement in all 
three directions with steps down to about 10 nm at cryo- 
genic temperatures: first the two horizontal directions 
parallel to the sample surface were adjusted, and then 
the focussing of the laser spot was optimized through the 
piezo-element perpendicular to the sample. The photo- 
luminescence has been analyzed by a 1 m double grating 
monochromator and detected by a liquid nitrogen cooled 
CCD-camera. 

The self-assembled InAs/GaAs quantum structures 
studied here were fabricated by molecular beam epitaxy. 
Details have been reported elsewhere. [ljj Since the fo- 
cus lies on magnetic field effects occurring on a meV en- 
ergy scale, considerably smaller than the inhomogeneous 
broadening, single objects had to be isolated. This was 
achieved through lateral patterning of the samples, pro- 
viding mesa structures with sizes down to ~ 100 nm that 
contained a single or a few quantum objects only. Since 
these structures were arranged in a regular pattern, it was 
quite easy to adjust the aforementioned setup on them. 
To obtain sufficient signal, quite high optical excitation 
had to be used, for which 100 mW of laser power were 
sent into the fibre. 
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FIG. 1: Photoluminescence spectra of single InAs/GaAs QDs 
in magnetic fields up to 28 (27) T. In the left panel spectra 
from a single QD emitting around 1.26 eV are shown, in the 
right panel the emission occurs at about 1.31 eV. 

The two panels of Fig. Q]show photoluminescence spec- 
tra of single QDs from two different sets of structures for 
varying magnetic fields. Nominally they had the same 
material composition, but the ground state exciton ener- 
gies are separated by about 50 meV (also in the ensem- 



ble). In the left panel the zero-field emission spectrum 
is dominated by a single line at ~ 1.26 eV, which in 
magnetic field splits mostly into a doublet that can be 
attributed to recombination of bright excitons with an- 
gular momentum \M\ = 1. ^l| Also a few other features 
with considerably weaker intensities appear in the spec- 
tra: they can be traced to emission from other QDs (at 
high B, for example, the features on the low energy side) 
or may originate from recombination of predominantly 
dark excitons with angular momentum \M\ = 2 that are 
confined in the same QD. j 1 1 1 ] Since the precise origin of 
these faint lines is hard to assess we focus in the following 
only on the two split features of strong intensity. 

In the right panel a pair of spectral lines is observed at 
B = 0, which arise from exciton recombination at ~ 1.31 
eV. Two possible origins can be foreseen for the dou- 
blet emission: either we address two independent QDs 
or we observe emission from neutral and charged exci- 
tons due to fluctuating charge occupation in a single dot. 
From the present measurements, no clear decision can 
be made. However, recent high field measurements show 
pairs of lines with ~ 1 meV separation in several mesa 
structures. 0] As it is highly unlikely to observe in 
a few mesas luminescence from two QDs with virtually 
identical energy separation, we exclude the first option. 
The attribution to neutral and charged excitons requires 
identical magnetic field dependencies, neglecting a small 
dot asymmetry induced exchange splitting of less than 
^100 fieV. This is in agreement with experiment (see 
below). For the dispersions of the two features in the 
right panel qualitatively the same behavior is observed 
as for the single line in the left panel. Again only the 
doublet splittings of the two strong emission features can 
be uniquely analyzed, so that we restrict to them. 

From the data in Fig. Q]we have extracted the spin- 
splitting of the emission lines as well as the diamag- 
netic shift of the split line centers. Fig. [21 shows 
the magnetic field dependencies of these quantities. 
Based on the results of previous studies up to about 
10 T 13], two features are expected for these dis- 
persions in the low field limit: (a) The diamagnetic 
shift should depend quadratically on magnetic field, 

A dlamag = ^ + ^KT 1 ) as we address 

quantum structures in the strong confinement regime, 
in which the quantization energy is considerably larger 
than the electron-hole interaction energy. Here we as- 
sume that the magnetic field points along the z-direction. 
(b) the exciton spin-splitting should vary linearly with 
magnetic field A spin = (g e + g^) hbB, where the gi are 
the g-f actors of electron and hole. 

These expectations are fulfilled in both cases in the 
range of low B-fields. For the dots emitting at higher en- 
ergies the linear and quadratic field dispersions for A sp i n 
and Adiamag j respectively, even extend towards the high- 
est magnetic fields, as corresponding fits to the data show 
(the solid lines). In contrast, for the dot emitting at lower 
energies deviations are observed: The diamagnetic shift 
can no longer be described by a pure £? 2 -form, but a 
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satisfactory fit can be obtained only by inclusion of a 
contribution that goes linearly with magnetic field. Also 
for the spin-splitting deviations from the linear field de- 
pendence are observed above 20 T. 
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FIG. 2: Left panel: spin-splitting of the three strongest zero 
field emission lines in the spectra of Fig. The lines are fits 
to the low-field data linear in B. Right panel: diamagnetic 
shift of the three lines. Here the solid lines are fits to the 
data following B 2 -dependencies. Data of the low (the solid 
symbols) and high energy (the open symbols) emitting dots 
are shown. 



cyclotron energy will exceed 50 meV above 20 T. This 
comparison demonstrates that perturbation theory can 
no longer be used in this field range, as the magnetic con- 
finement even becomes dominant there for the low energy 
QD. This will naturally lead to linear field contributions 
in the energy dispersion, because the level structure ap- 
proaches Landau-level like behavior. In contrast, for the 
high energy dots a pure quadratic field dependence still 
provides a reasonable description of the data. 

Now let us turn to the exciton spin-splitting as function 
of magnetic field. Non-linearities of its B-dependence are 
well known for systems of higher dimensionality such as 
quantum wells. 16] A contribution arising from possible 
field-dependence of the electronic g-factor is likely to be 
neglected, and the non-linearities mostly originate from 
heavy hole-light hole mixing which varies with magnetic 
field. 01 Even though a quantitative understanding can 
be obtained only on base of detailed band structure cal- 
culations (which are beyond the scope of this pa- 
per), the spin-splitting thereby permits to take insight 
into valence band mixing. For the dot with strong con- 
finement the i?-linear splitting over the whole field range 
indicates that the hole s-shell states have indeed pure 
heavy-hole character within the experimental accuracy. 
For the less strongly confined dot, on the other hand, 
the non-linear dependence at high fields indicates light 
hole admixtures which aggravates their use in quantum 
information schemes. 



Let us comment first on the diamagnetic shift: the 
expression given above can be used to estimate the ex- 
tension of the electron and hole wave functions in the dot 
plane. As the two dot types have nominally the same ma- 
terial compositions, we assume the same carrier masses 
for them. The difference in their emission energies has 
to be attributed then to different dot sizes with the size 
of the high energy emitting dots being smaller, leading 
to larger quantization energies. This is supported by the 
diamagnetic shift data, which is smaller for this dot than 
for the low energy emitting QD. [l4| 



However, the expression for A^, 



has been derived 



by assuming that the magnetic field induced confinement 
is clearly weaker than the geometric one, so that the B- 
field effects can be treated by perturbation theory. 
The confinement strengths are characterized by two en- 
ergy scales: the energy splitting between the confined 
QD shells is a measure for the geometric confinement, 
the magnetic confinement is given by the cyclotron en- 
ergy. For the dots under study the splitting between 
p- and s-shell emission is about 50 meV for the low en- 
ergy QD, while it is ~ 70 meV for the high energy QD, 
in accord with their different dot sizes. These values 
have been taken from high excitation state-filling spec- 
troscopy. They are largely determined by the splitting of 
the confined electron levels due to its small mass. These 
energies have to be compared to the cyclotron energy 
Huj c = h(eB /to). Assuming an electron mass of 0.04 in 
the intermixed InGaAs dot material, the corresponding 
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FIG. 3: Left panel: Spin splitting of the 'bonding' (the full 
symbols) and the 'antibonding' (the open symbols) s-shell ex- 
citon states in an InAs/GaAs QDM of high symmetry. The 
barrier width was 7 nm. The solid line is a fit to the low 
field data using a B-linear form. The right panel gives the 
corresponding diamagnetic shifts. The solid line is a fit pro- 
portional to B 2 to the low field data for the antibonding state. 

m 

To obtain further insight, we have also studied quan- 
tum dot molecules (QDMs) in such high magnetic fields. 
The dots forming the molecules are separated from each 
other by a few nm wide barrier and are nominally identi- 
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cal to the low energy emitting QDs discussed above. The 
center of emission energies from the 'bonding' and the 
'antibondin g' e xciton states is as well located in this en- 
ergy range. [19j Here we focus on structures with a simple 
fine structure splitting: the emission spectrum exhibits 
at zero field a single emission line both for the bonding 
and antibonding states, which show a doublet splitting, 
that can easily be traced in magnetic field. 

The solid symbols in the right panel of Fig. [3] show 
the diamagnetic shift of the emission from the 'bonding' 
exciton state versus B for a molecule with a 7 nm barrier. 
It is larger than observed for the QD sample and exceeds 
5 meV at 28 T. Also here the field dispersion cannot 
be well described by a simple B 2 dependence, but linear 
terms have to be included for the same reasons as in the 
dot case, since also here the splitting between the p- and 
the s-shell features is about 50 meV. The same holds for 
the shift of the 'antibonding' state (the open symbols), 
which is considerably larger than that of the 'bonding' 
state. At 28 T it reaches almost 7 meV. 

Let us turn to the field dispersion of the spin-splitting 
of the two features, shown in the left panel of Fig. 3. 
Again solid and open symbols give the data for 'bonding' 
and 'antibonding' states, respectively. For both of them, 
pronounced deviations from a B-linear dispersion are ob- 
served, which are more prominent than for the QDs, as 
evidenced also by their emergence at smaller fields. 

Electronically coupled QDs represent an architecture 
that could be used for coupling and entangling the states 
of two quantum bits, each confined in one of the dot 
structures. Control of the entanglement could be pro- 



vided by application of an electric field along the molecule 
axis or by a barrier of tunable height between the dots. 
For optically controlled schemes the influences arising 
from valence band mixing are therefore equally impor- 
tant as for single QDs. From the data we conclude that 
the QDM structures available for the present high field 
studies do not seem to be very well suited for such quan- 
tum information purposes as the band mixing induced 
non-linearity of the spin-splitting dependence on B is en- 
hanced by the molecule formation. 

In summary, we have shown that the valence band 
ground state in quantum structures with comparatively 
weak confinement shows light hole admixtures in mag- 
netic field, lifting the strict selection rules for the exciton 
states in which they are involved. However, by a proper 
tailoring of the quantum confinement valence band mix- 
ing can be reduced to an extent, that it appears to be no 
longer relevant for coherent manipulation of pure angu- 
lar momentum states. On the other hand, increase of the 
confinement might lead to other problems such as signif- 
icant exciton dephasing through acoustic phonon related 
transitions, leading to a broad background in the dot 
spectrum. |20( 
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